[1] The late Holocene activity of a restraining bend of the northern strand of the North Anatolian Fault in Izmit Bay was investigated by a sedimentological, geochemical, and paleoecological analysis of sediment cores from Hersek coastal lagoon, NW Turkey. The sediment cores show a succession of sedimentary sequences composed of three units separated by gradual transitions. The first unit is composed of a thin layer of shell debris-rich sediment in abrupt contact with the underlying organic-rich deposits. This unit is overlain by a thick foraminifera-rich mud deposit, and the sequences are capped by an organic-rich mud unit. These sequences are interpreted as silting up, shallowing upward deposits, typical of a lagoon becoming isolated from the sea. We suggest that they represent the sedimentary signature of coseismic subsidence, which was caused by reverse slip at the Hersek bend, and tsunamis in Izmit Bay. Our radiocarbon-dated paleoseismological record indicates (1) the atypical collapse of the hanging wall during the 740 earthquake and (2) subsidence of the footwall during the 987, 1509, and 1719 earthquakes. This study contributes to the understanding of the dynamics of restraining bends, and it highlights the potential of coastal sediments for reconstructing past earthquakes and tsunamis in regions dominated by strike-slip deformations.
Introduction
[2] The North Anatolian Fault (NAF) is one of the most seismically active structures in the world. It is a major right-lateral moving fault that runs along the tectonic boundary between the Eurasian Plate to the north and the Anatolian Plate to the south. The western segment of the NAF splits into three main branches [Armijo et al., 2002] . The northern one (NNAF) is the most active [Hubert-Ferrari et al., 2000] . It passes through Izmit Bay and traverses the Sea of Marmara (Figure 1 ), accommodating more than 80% of the current relative plate motion [McClusky et al., 2000] . The northern strand of the NAF is generally subdivided in several subsegments that have been the source of numerous large historical earthquakes [e.g., Ambraseys and Jackson, 2000; Ambraseys, 2002] . The most recent major earthquake in the region occurred in Izmit on 17 August 1999 . It was the latest earthquake in a series of seven westward migrating earthquakes caused by dextral strike-slip ruptures of the NAF, and it was accompanied by extensive surface rupture, consisting primarily of right-lateral strike-slip displacement of up to 5.2 m . [3] In Izmit Bay, the NNAF consists of three subsegments linked by bends ( Figure 1c ). The Karamürsel and Darica segments merge on Hersek Peninsula, which was formed by tectonic uplift of Quaternary deposits at a left stepping 7°restraining bend . This bend is believed to have acted as a local barrier to westward rupture propagation, especially during the 1999 Izmit earthquake [Kozaci et al., 2011] . In the near future, the Darica segment is the most likely to rupture, as part of the sequence of westward migrating earthquakes Hubert-Ferrari et al., 2000] . It poses a significant earthquake hazard to Istanbul and surrounding densely populated areas [Witter et al., 2000] . [4] Izmit Bay is also prone to tsunami. The 1999 Izmit earthquake, for example, caused a damaging tsunami with runups of 1-2.5 m in most of the bay [Altinok and Ersoy, 2000; Altinok et al., 2001; Rathje et al., 2004; Tinti et al., 2006] . It was very likely caused by the combined effect of coseismic vertical deformations and local mass failure (submarine slump) [Tinti et al., 2006] and was accompanied by coastal landslides and subsidence [Altinok et al., 2001] . [5] Although Turkish historical data documenting past earthquakes and tsunamis are available and relatively reliable for the last centuries [e.g., Ambraseys and Jackson, 2000; Ambraseys, 2001] , a longer record is needed to tackle questions about the frequency of great earthquakes, and their potential to trigger tsunamis and associated land movements. Other sources of information are also needed to verify and complement the historical data. [6] In an attempt to reconstruct the past seismic activity of Hersek bend, Witter et al. [2000] and Kozaci et al. [2011] excavated several paleoseismic trenches on Hersek Peninsula. Although these trenches confirmed that the NNAF crosses the peninsula and forms a local restraining bend, the interpretation of the stratigraphic horizons was complicated by their close association with anthropogenic features, and the site did not provide useful stratigraphic data to assess the timing of the most recent earthquakes [Witter et al., 2000; Kozaci, 2002; Kozaci et al., 2011] . More recently, Özaksoy et al. [2010] studied the uplifted marine terraces that compose the Hersek Peninsula north of the restraining bend. They suggest that the terraces represent four subsequent events of late Holocene tectonic uplift, separated by a subsidence event of ∼1.2 m during the 15th century. The youngest marine terrace was associated to the 1509 earthquake. In addition, McHugh et al. [2006] analyzed marine sediment cores collected on the submarine slope of Hersek Peninsula to reconstruct masswasting events triggered by earthquakes in Izmit Bay. These authors tentatively attribute a masswasting deposit to the major 1509 earthquake but the deposits do not provide information regarding older events. [7] Surprisingly, very little attention has been paid to the sediments deposited in the coastal environments of the Sea of Marmara although Witter et al. [2000] recognize that marsh stratigraphic studies might reveal more information about past surface ruptures than trenches. In other regions of the world, coastal deposits have successfully been used to reconstruct past tsunamis [e.g., Bondevik et al., 1997; Fujiwara et al., 2000; Pinegina et al., 2003; Cisternas et al., 2005; Kelsey et al., 2005] and coseismic subsidence [Atwater, 1987; Hayward et al., 2006; Shennan and Hamilton, 2006; Nelson et al., 2008] using lithological and paleoecological analyses (diatoms and foraminifera), combined with radiocarbon dating. [8] This study of Hersek Lagoon aims at (1) understanding the sedimentary processes in the lagoon and (2) reconstructing the late Holocene activity of Hersek restraining bend through a multiproxy analysis of the lagoon sedimentary Armijo et al. [2002] and Hergert and Heidbach [2010] . (c) Location of the NNAF fault segments in Izmit Bay (labeled in italics), according to Kuşçu et al. [2002] , Cormier et al. [2006] , and Özaksoy et al. [2010] . Note the restraining bends linking the fault segments. (d) Geological map of Hersek Peninsula, based on Witter et al. [2000] and Kozaci [2002] . The fault geometry is drawn according to Cormier et al. [2006] , Özaksoy et al. [2010] , and Kozaci et al. [2011] . The bathymetric contour line delimits the occurrence of shell-rich sand deposits between 0 and −10 m [Eryilmaz et al., 1995] . Sites WS1, WS4, and WS7, where pH and salinity were measured are also indicated (data shown in Figure 2 ). infill. Our results, which combine lithology, geochemistry, mineral magnetism, paleoecology and radiocarbon dating, provide evidence for several seismotectonic events that triggered coseismic subsidence of Hersek Lagoon during the late Holocene, revealing important information about the behavior of restraining bends during major earthquakes.
Location and Geological Setting
[9] Hersek Lagoon is a small (surface area 1.4 km 2 ) and very shallow (50-60 cm) coastal lagoon located on the southern shore of Izmit Bay, which is the continuation of the Sea of Marmara to the east (Figure 1) . It is the westernmost place where the North Anatolian Fault can be studied on land before in enters into the Sea of Marmara [Kozaci et al., 2011] .
[10] Hersek Lagoon is separated from the adjacent Sea of Marmara by a sandy coastal barrier that has been reinforced in its center by a low-elevation concrete dike. The date of the construction of the dike is unknown but it is believed to date from the 1950 to 1975 period. The concrete dike is breached at several locations, allowing a continuous exchange of water between the lagoon and the Sea of Marmara. Hersek Lagoon is part of Hersek Peninsula (25 km 2 ), which comprises an area uplifted by the NAF to the north and Quaternary alluvial deposits to the south [Alpar and Güneysu, 1999; Özaksoy et al., 2010] (Figure 1d ). Although the modern Yalak River flows directly to the western shore of the Peninsula, remains of ancient stream channels that connected the river to Hersek Lagoon are visible (Figure 1d ).
[11] The northern part of Hersek Peninsula is crossed by the Hersek restraining bend, which links the Karamürsel and Darica segments of the NNAF and likely acts as a barrier in the propagation of fault rupture [Özaksoy et al., 2010; Kozaci et al., 2011] (Figure 1 ). The exact fault trace on the peninsula is unknown, but extrapolations of the submarine branches imply a 7°bend across the peninsula . Recent studies have demonstrated that Hersek bend is characterized by reverse slip deformations, resulting in the uplift of a ridge at a rate of 3.5 m/kyr north of the fault [Özaksoy et al., 2010] , and in the subsidence of Hersek Lagoon south of it [Kozaci et al., 2011] (Figures 1 and 2 ). Except for this small ridge that reaches 27 m a.s.l. (Figure 2 ), the topography of Hersek Peninsula around the lagoon is very flat, with a mean elevation of 2-3 m a.s.l. [12] The impact of the 17 August 1999, Mw 7.4 Izmit earthquake on Hersek Peninsula is controversial. Witter et al. [2000] observe no significant surface rupture during or following the event, in agreement with Lettis et al. [2002] who show that the surface rupture ended at the eastern margin of Hersek Peninsula and did not involve the Darica segment. However, Barka et al. [2002] report that the Darica segment constitutes the westernmost limit of the 17 August 1999 rupture zone, although no significant lateral movements were observed. Lettis et al. [2002] also mention that minor vertical deformations affected Hersek Peninsula during or immediately after the 1999 Izmit earthquake, and that Hersek Lagoon subsided by about 20-30 cm but had rebounded after two months. No surface rupture was reported on Hersek Peninsula during the series of westward migrating earthquakes that affected the region between 1939 and 1996 [Barka, 1996; Witter et al., 2000] . Historical records suggest that the Darica fault segment may have suffered surface rupture during major earthquakes in 1509, 1719 and 1894 [Barka and Kadinsky-Cade, 1988; Finkel, 1990, 1991] , although it is not known if this included surface rupture on Hersek Peninsula [Witter et al., 2000] . The 1509 Istanbul earthquake, which is considered as one of the most destructive events in the Sea of Marmara region [McHugh et al., 2006] , seems to have significantly affected Hersek Peninsula, as it is responsible for the destruction of Hersek mosque, located on the northwestern shore of the lagoon [Witter et al., 2000] .
Material and Methods
[13] Ten sediment cores were retrieved from Hersek Lagoon in July 2004 (Table 1 ). All sediment cores were split into two identical halves and analyzed for volume specific magnetic susceptibility at 5 mm resolution. The two longest cores (HK04LV5 and HK04LV6), which were retrieved from the northern and southern side of the suggested trace of the restraining bend (Figure 2 ), respectively, were sampled for multiproxy sedimentological, geochemical and paleoecological analyses. [14] Two cm thick slices of sediment were taken at 10 cm intervals in the first core half. These samples were analyzed for bulk and clay mineralogy, mineral magnetism (ARM, IRM), and organic (TOC) and inorganic (TIC) carbon contents. In addition, C/N ratios and Sulfur concentrations were measured on samples from core HK04LV5. These analyses aimed at reconstructing changes in the sources of sediment and in the nature of the depositional environments. Sulfur concentrations were used as a proxy for marine transgressions in coastal environments [Berner and Raiswell, 1984; Ku et al., 2001] . Analytical details are given in Text S1 in the auxiliary material.
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[15] The second core half was continuously sampled in 5 cm slices and these samples were wet sieved at 63, 250 and 500 mm. Foraminifera were determined on the 63-500 mm fraction of core HK04LV6 and ostracod absolute shell abundances were determined on the >250 mm fraction of core HK04LV5. The >500 mm fraction of cores HK04LV5, 6 and 7 was used (1) to determine and quantify the nature of the coarse particles (intact and broken mollusk shells, mollusk shell fragments and organic matter fragments) under a binocular lens and (2) to handpick macroscopical remains of terrestrial organic matter for radiocarbon analysis.
[16] The radiocarbon age of organic debris from all the organic-rich layers of cores HK04LV5, 6 and 7, was determined by AMS (9 samples). Calendar ages were obtained by calibration with OxCal 4.0 using the IntCal04 atmospheric calibration curve of Reimer et al. [2004] . The dated material is believed to represent in situ terrestrial vegetation that was buried by the overlying sediments.
Results

Lithostratigraphy and Magnetic Susceptibility
[17] The composite core lengths vary from 74 cm (HK04LV1) to 375 cm (HK04LV6). The sediment is generally composed of homogenous dark gray to greenish gray mud (Figure 3 ), although the bases of cores collected in the southern part of the lagoon (cores 7 to 10) are silty or sandy. Several shell-rich or sand/silt layers occur throughout the cores, and organic-rich layers have been observed in cores 5 to 8 ( Figure 3 ). Magnetic susceptibility (MS) values are generally low (i.e., under 100 × 10 −6 S.I.), except at the base of cores 5 and 7-10, where values reach 300 × 10 −6 S.I. (Figures 4 and 5 ). The lower MS values are typical of muddy sediment rich in carbonate and organic matter, and from pyritization of magnetite in sulfur-and iron-rich reducing conditions of saline lagoons. Shell layers are generally represented by extremely low MS values. They are composed of fragmented bivalves (Cardium, Scrobicularia) and intact and fragmented gastropods (Bittium reticulatum, Hydrobia, Patella, Turitella), although a few specimens of articulated Cardium were also observed.
Mineralogy and Mineral Magnetism
[18] Bulk mineralogy is dominated by clay minerals (60 ± 16% in HK04LV5; 56 ± 17% in HK04LV6). The secondary minerals are quartz and plagioclase (anorthite), increasing at the base of core 5 (Figures 4 and 5) . Halite, calcite and aragonite occur in lower proportions. Aragonite is absent from the lower half of core HK04LV5. Sporadic decreases in total clay minerals are associated with shell-or organic-rich layers. [19] In both cores, the clay mineralogy is dominated by smectite (70 ± 6% in core 5 and 66 ± 10% in core 6), with a sharp increase at the base of core 5 ( Figure 4 ). The other clay minerals are illite (24 ± 5% in core 5, 27 ± 10% in core 6) and traces of chlorite and kaolinite (less than 5%). [20] In core HK04LV5, the S parameter ranges from 0.9 to 1 below 200 cm and from 0.65 to 0.8 above 200 cm, with two exceptions at 280 and [22] By comparison, TOC in core HK04LV6 oscillates between 1.18 and 2.80% and shows three increasing upward sequences. Two of these sequences end with abrupt TOC minima at 290 cm and 115 cm ( Figure 5 ). The TOC profile closely parallels the amount of coarse (>500 mm) organic matter debris ( Figure 5 ), mainly composed of marsh plant fragments. The CaCO 3 content is highly variable with no clear trend with depth (5.8 ± 2.6 wt %; Figure 5 ), and is roughly conform to the amount of coarse shells in the samples (Figure 5 ). [23] In core HK04LV5, ostracod abundance shows a sharp transition from virtually absent below 155 cm to extremely abundant above 155 cm (average 99 shells/g sediment), peaking at 250-400 shells/g in the coarse shell layers (Figure 4 ). The ostracod assemblages are clearly dominated by Cyprideis torosa (95.3%).
Geochemistry
Paleoecology
[24] Benthic foraminifera occur throughout core HK04LV6, except within the organic-rich zones at 301-296 cm and 120-106 cm, which contain no foraminifera ( Figure 5 ). The most abundant types are Haynesina depressula, Ammonia tepida, Ammonia infilata, Gyroidinoides lamarckiana, Elphidium sp., and Ammonia sp. A few specimens of Elphidium macellum, Elphidium margeritaceum, Nonion depressulum and Nonion fabum were also identified. Planktonic foraminifera are very rare. Total foraminifera abundances vary considerably throughout core HK04LV6, with a pronounced maximum at 212-165 cm (Figures 5 and 6 ), which interestingly corresponds to the sole significant occurrence of Gyroidinoides (Figure 6 ). The total abundance data show secondary increases at 80-45 cm and at the base of the core (Figure 6 ). The three foraminifera-rich intervals are characterized . Foraminifera data for core HK04LV6. The number of foraminifera taxa is used here as a proxy for diversity. A total of 10 species was identified. The curve corresponding to the number of foraminifera per dry g of sediment is a three-point running average. by high numbers of foraminifera taxa (used here as a proxy for diversity).
Interpretation
Modern Sedimentation and Sediment Sources
[25] Water parameters from 11 sites (i.e., pH and salinity; Figure 2 ) and field observations in July 2005 indicate that Hersek Lagoon is no longer fed by the Yalak River (Figure 1 ). The modern Hersek Lagoon is primarily fed by the Sea of Marmara, through breaches in the coastal barrier on the eastern side of the lagoon (Figure 2 ). It is a semienclosed (following Bird [1994] ) and slightly evaporitic basin, as evidenced by the high salinity of the lagoon's water (28-31‰ with maxima reaching 40‰ at its western shore and in the paleoYalak River channels; Figure 2 ) compared to that of the Sea of Marmara (∼24‰). It is believed that the sediment that accumulates in the lagoon originates from the Sea of Marmara, and is carried into the lagoon by tidal currents and waves.
[26] The geological map of Hersek Peninsula (Figure 1 ) and field observations indicate that the lagoon was once directly fed by Yalak River, which would have been a significant additional source of sediment. The timing of the river disconnection remains unknown, but in such an active seismotectonic setting, it is possible that the river changed course following a major seismic event.
[27] Attempts to reconstruct the timing of the disconnection using mineralogical analyses of Hersek Lagoon's sediments were only partly successful, because the composition of sediments from the Yalak River and the Sea of Marmara is nearly identical. Clay minerals however provide indications about potential changes in sediment sources. In cores HK04LV5 and HK04LV6, smectite dominates (66-70%) and is relatively stable with depth. By comparison, Yalak River sediments are enriched in smectite (80% at WS4 and 84% at WS7). The smectite content of Izmit Bay sediments is generally lower (∼60%) [Yalçin and Bozkaya, 1995; Ergin et al., 1999] . Although such differences are close to the quantification limit of X-ray diffraction (±5%), these results indicate that the source of sediment did not radically change during the period covered by cores HK04LV5 and HK04LV6, and that most of the sediment originated from the Sea of Marmara. The disconnection between Yalak River and Hersek Lagoon probably happened prior to the period covered by our sediment cores.
Late Holocene Sedimentary Processes
[28] Since cores HK04LV5 and 6 were analyzed in details, the sedimentological interpretation is mainly based on these two cores, and extended to the whole lagoon based on the results of mascroscopical descriptions and magnetic susceptibility obtained on the eight other cores.
Core HK04LV5
[29] Most of the proxies analyzed in core HK04LV5 display an abrupt transition at 200 cm (Figure 4) . Below 200 cm, the sediment is characterized by high magnetic susceptibility (MS) and S parameter values, low sulfur concentrations, relatively high C/N ratios, and virtual absence of aragonite, ostracods, bivalves and gastropods. At around 200 cm all these proxies shift dramatically. The MS values decrease by 2 orders of magnitude, the sulfur concentrations increase significantly and the C/N ratio decreases. In addition, shells and aragonite become abundant above 155 cm.
[30] The abrupt transition observed at 200 cm most likely reflects an abrupt shift from a terrestrial to an open lagoon environment. This is especially clear in the distribution of sulfur (Figure 4) , which is known to be abundant in marine environments and virtually absent from most terrestrial deposits [Berner and Raiswell, 1984] . Similarly, the decrease in bulk C/N reflects a decrease in the proportion of terrestrial versus aquatic organic matter in sediments [Meyers and Teranes, 2001] , which is confirmed by the terrestrial nature of the coarse (>500 mm) organic matter remains at the base of the core. The abundance of marine fauna and the decrease of the S parameter above 200 cm support this interpretation. Marine shells are particularly abundant within three coarse layers above 155 cm, indicating a highenergy depositional environment.
[31] Below 200 cm, the deposits are organic-rich and probably represent a wetland-type environment, with relatively low accumulation rates (∼4 mm/yr according to the two radiocarbon dates obtained at the bottom of the core). The transition at 200 cm most likely represents an abrupt submergence of the lagoon (or at least its northern part), which buried the organic-rich, more terrestrial deposits under thick and rapidly accumulating marine sediments.
Core HK04LV6
[32] HK04LV6 sediments are subdivided into four sequences with similar lithostratigraphical, geochemical and paleoecological characteristics ( Figure 5 ). These sequences are labeled SEQ 6.1 to 6.4 (from bottom to top), and are mostly composed of three units separated by gradual transitions. A typical sequence starts with an abrupt contact with the underlying organic-rich deposits (e.g., 295 cm). The basal unit is composed of mud and generally contains abundant bivalve and gastropod shell debris, and, sometimes fining upward sand or silt layers (e.g., 220 cm). This basal unit is generally overlain by foraminifera-rich mud. It is, in turn, overlain by an upper unit, which is composed of organic-rich mud relatively poor in foraminifera. These sequences are particularly well marked by continuously increasing organic matter contents (both TOC and coarse organic matter contents; Figure 5 ), and are interpreted as silting up, shallowing upward deposits, typical of a lagoon becoming isolated from the sea. The three abrupt transitions at 298, 232 and 107 cm most likely represent three major submergence events that buried dominantly terrestrial deposits under marine sediments. The lower parts of the sequences are generally coarse (shells or sand/silt layers) and therefore indicative of high-energy depositional environments.
Other Cores
[33] Although only cores HK04LV5 and 6 were analyzed in detail, some of the other cores collected in Hersek Lagoon also show a succession of opento-close lagoon deposits. Based on macroscopical descriptions, we have identified two of these sequences in core HK04LV7, at 176-83 cm (SEQ 7.1) and 83-0 cm (SEQ 7.2; Figure 3) . SEQ 7.1 shows a typical coarse shell layer at its base and is capped by an organic-rich horizon. This horizon is overlain by SEQ 7.2 through a sharp contact that indicates a rapid burial, most likely linked to an abrupt submergence of the lagoon. The succession of deposits in core 8 seems nearly identical to core 7, although condensed. Cores 9 and 10 seem to contain the base of one sequence. Cores 1 to 4 are generally homogenous and do not show any type of depositional sequences. To facilitate the discussion, the rapid submergence events were labeled according to their stratigraphic position in each core (e.g., event 6A led to the deposition of SEQ 6.1, see Figure 5 ).
Origin of the Deposits
Occurrence of Similar Sequences Along Major Subduction Zones
[34] Sedimentary deposits similar to the sequences described above have been observed in coastal environments from major active subduction zones. These deposits have been particularly well studied in estuaries of the northeast Pacific (British Columbia, Washington, Oregon and northern California), where sequences of buried tidal marsh or peaty soils, abruptly overlain by intertidal mud are attributed to sudden submergence associated with coseismic subsidence of long stretches of coast [Atwater, 1987; Guilbault et al., 1995; Nelson et al., 1996 Nelson et al., , 2008 . These authors argue that these deposits represent great, prehistoric earthquakes (Mw 8-9) that produced repeated coseismic subsidence of 0-2 m. According to Atwater [1987] , the main evidence for tectonic instability is the occurrence of couplets of thin peaty soils (0.02-0.2 m) representing former wetlands and thick (0.5-1.0 m) beds of intertidal mud. In addition, landward thinning sand sheets, occurring immediately above the peat layer in some of the sequences have been interpreted as coseismic tsunami deposits [Atwater, 1987; Guilbault et al., 1995; Nelson et al., 1996; Rhodes et al., 2006] . [35] Similar deposits have also been observed in the active subduction zones of Alaska [Shennan et al., 1999; Atwater et al., 2001; Shennan and Hamilton, 2006] , New Zealand [Nichol et al., 2007] and Chile [Cisternas et al., 2005] . Observations during and after the giant earthquake of Alaska (Mw 9.2, 1964) have demonstrated that (1) sediment deposition occurs immediately upon submergence, (2) most of the postearthquake deposits accumulate in the first decade after the earthquake, and (3) ∼50 years are needed to register back-to-back earthquakes [Shennan et al., 1999; Atwater et al., 2001] .
[36] Based on the analysis of numerous estuaries along the Cascadia margin, Nelson et al. [1996] proposed five criteria that must be evaluated to assign a coseismic origin to rapid submergence of coastal sediments: (1) the suddenness of submergence, (2) the amount of submergence, (3) the lateral extent of submerged tidal wetland soils, (4) the coincidence of submergence with tsunamis deposits, and (5) the degree of synchronicity of submergence events at widely spaced sites. As indicated by Shennan et al. [1996] , it is unlikely that all these criteria can be evaluated at a single site, but the probability that coastal submergence deposits are linked to a seismic origin increases with the number of criteria recognized at each site. [37] In agreement with the results of the above mentioned studies, we argue that the sequences found in cores HK04LV5 to 7 (and to a lesser extent HK04LV8 to 10) are the signatures of major earthquakes that caused coseismic subsidence and triggered tsunamis in Izmit Bay. The sequences found in core HK04LV6, and to a certain extent cores HK04LV5 and 7, satisfy at least three of the following five criteria proposed by Nelson et al. [1996] .
Mechanisms Responsible for the Deposition of Hersek Sedimentary Sequences
[38] 1. The suddenness of submergence is evidenced by abrupt organic sediment-mud contacts that are well marked in lithology and in organic matter contents. The occurrence of in situ marsh plant remains within the organic-rich layers provides additional evidence of rapid burial.
[39] 2. The presence of coarse shell or sand layers at the base of each sequence is a clear indicator of the co-occurrence of a tsunami. Shell deposits preserved in cores HK04LV5 and 6 are mainly composed of marine species that thrive at shallow depths in the Sea of Marmara [Eryilmaz et al., 1995] , and the mixed assemblages of highly fragmented and articulated specimens are typical for tsunami deposits according to the criteria of Donato et al. [2008] (extensive angular fragmentation and presence of allochtonous articulated bivalves). The shells most likely originate from the shallow shellrich sandy deposits that occur at 0-10 m depth along Hersek Peninsula [Eryilmaz et al., 1995] (Figure 1) . Their transport into the lagoon by tsunami waves was probably facilitated by submergence and/or breaching of the coastal barrier. A storm origin of the shell layers is unlikely since (1) they are restricted to the base of coseismic sequences (storm deposits would occur throughout the cores), and (2) they contain a mixture of marine, lagoonal and nonmarine ostracod shells [Mischke et al., 2011] . All the sequences described in core 6 contain basal shell deposits, except for SEQ 6.3, which has fining upward silt and sand layers, similar to the tsunami deposits described in estuaries from the Cascadia Margin [Guilbault et al., 1995] . This difference likely reflects (1) the coring location in front of the sandbarrier and (2) a possible delay between the tsunami and the subsidence event at Hersek. [40] 3. A considerable amount of submergence is reflected in the systematic increases in foraminifera concentration above the tsunami deposits, and by the co-occurrence of maxima in foraminifera diversity, which demonstrate an open-marine influence in the lagoon. These characteristics seem to indicate a sudden submergence of the coastal barrier, most likely in relation with rapid subsidence, temporarily increasing the exchanges of benthos and sediment between the Sea of Marmara and the lagoon, as observed in British Columbia [Guilbault et al., 1996] . The single occurrence of Gyroidines in SEQ 6.3 ( Figure 6 ) points to exceptional submergence of the lagoon by seawater previously mixed by the tsunami wave(s), since Gyroidines is commonly found in open seas at depths of 16-80 m [Murray, 1991] .
[41] The evaluation of the last two criteria of Nelson et al. [1996] (extension of the peat-mud couplets and synchronicity of submergence) is less easily applicable to our data since they require observation of continuous sections across the lagoon, a higher density of cores, and a very large number of radiocarbon dates, none of which is available in the framework of this exploratory study. Subsurface profiling would also help in confirming the lateral continuity, and therefore coseismic origin of the deposits.
Chronology
Radiocarbon Dating
[42] Since the organic-rich layers that constitute the upper parts of the coseismic subsidence sequences represent marsh soils that were rapidly submerged by postseismic deposits, dating these layers provides an accurate estimate of the age of the event that triggered their burial. Following this principle, all of the marsh soils in cores HK04LV5, 6 and 7 were radiocarbon dated (Table 2 and Figure 7) , with samples preferentially taken in the upper part of the organic-rich layers.
[43] As shown in Figure 7 , core HK04LV5, the only core collected north of the fault trace (Figure 2) , has recorded a single event (event 5A) that is dated at 664-898 A.D. The two dates obtained on organic macroremains incorporated in the overlying postseismic deposit are statistically indiscernible from the age of the event, providing evidence that SEQ 5.1 accumulated extremely rapidly after the coseismic subsidence (Figure 4) . The three shell deposits that occur in the upper half of the core most likely represent three distinct tsunami waves, in-between which silt material accumulated rapidly. By comparison, the date obtained at the bottom of the core shows that the underlying marsh soil, also about 200 cm thick, took over 300 year to accumulate, at an average rate of ∼4 mm/yr. (6D) . Although a fourth sequence is recorded at the base of the core (SEQ 6.1), the age of the responsible event (6A) is unknown because the core did not reach the underlying organic-rich deposit. The age of event 6C, which is characterized by an exceptional amount of submergence (see previous paragraph), is statistically indiscernible from the age of event 6D. However, these two events must be separated by a significant amount of time since at least 50 years are needed to register back-to-back earthquakes [Atwater et al., 2001] . This duration was likely higher because the marsh soil that underlies event 6D at 105-125 cm is relatively well developed.
[45] Core HK04LV7 has recorded two events (Figures 3 and 7) . The younger one (7B) is dated at 1646-1955 A.D., an interval of multiple 14 C plateaus which precludes exact age determination by radiocarbon methods [Reimer et al., 2004] . The event is younger than any recorded in core HK04LV6, except if the real age of event 6D is significantly younger than ∼1500 A.D. (i.e., the plant remain used to date even 6D died before burial of the marsh soil). In this case, event 6D might correspond to event 7B. The absence of tsunami deposits associated with both events (6D and 7B, Figure 3 ) supports this interpretation.
[46] The chronological results obtained on cores HK04LV5, 6 and 7 are summarized in Figure 7 , which shows that the cored sediments have recorded a total of four, possibly five, seismic events during the last 1200 years. It is remarkable that site HK04LV5 has not recorded any seismic event after (i.e., younger than) event 5A (664-898 A.D.), which demonstrates that most subsidence events are restricted to the main lagoon, i.e., south of the fault trace. Event 5A most likely represents a gravitational collapse of the hanging wall during a noncharacteristic earthquake. It is very likely that some of the events observed in cores HK04LV6 and 7 have been recorded elsewhere in the southern part of the lagoon, but a denser coring grid is needed to confirm this assumption.
Comparison With Historical Records
[47] Fifty-five large (estimated Ms ≥ 6.8) earthquakes seem to have affected the Sea of Marmara region during the last 2000 years [Ambraseys, 2002] . Here, we excluded events located outside a 100 km radius from Hersek using the estimated epicenter locations of Ambraseys [2002] . This first selection criterion reduced the number of large earthquakes to 27, among which only 15 occurred after 500 A.D. (Figure 7) . The historical earthquakes occurring within the 2 sigma error range of the radiocarbon age of each Hersek event were then examined to determine the most probable age of each event, using specific information such as the estimated location of the affected region and the presence/absence of associated tsunami.
[48] Event 5A (664-898 A.D.) is only recorded in core HK04LV5, i.e., north of the fault trace. Three major historical earthquakes occur within this age range: at 740, 860 and 869 [Ambraseys, 2002] . No tsunamis are associated with the weaker 860 and 869 earthquakes [Ambraseys and Finkel, 1991; Altinok and Ersoy, 2000; Ambraseys, 2002] so it is very likely that event 5A represents the 740 earthquake (estimated Ms 7.1), which was accompanied by a tsunami that affected Istanbul and Izmit [Altinok and Ersoy, 2000; Yalçiner et al., 2002] .
[49] Event 6B is well marked in core HK04LV6. Its radiocarbon age (949-1036 A.D.) matches remarkably well the 989 earthquake. The only other earthquake corresponding to this age range occurred in 967 A.D. but its estimated epicenter is located 170 km east of Hersek and it has no associated tsunami [Ambraseys, 2002] . Hence, event 6B most likely represents the destructive Ms 7.2, 989 earthquake, which epicenter is believed to be located in the eastern part of the Sea of Marmara at approximately 70 km west of Hersek [Ambraseys, 2002; Yalçiner et al., 2002] .
[50] Event 6C is the largest event recorded in Hersek Lagoon sediments south of fault trace. It has a radiocarbon age of 1428-1635 A.D. The only corresponding major historical earthquake is the well-documented 1509 event that caused heavy damages in Istanbul and was followed by a tsunami in the eastern part of the Sea of Marmara Finkel, 1990, 1991; Altinok and Ersoy, 2000; Ambraseys and Jackson, 2000; Ambraseys, 2001 Ambraseys, , 2002 . Historical documents do not mention damages in Izmit Bay [Ambraseys, 2001] , except for the destruction of Hersek Mosque in 1509 [Witter et al., 2000] . Its epicenter is believed to be located in the Sea of Marmara, immediately south of Istanbul [Ambraseys and Jackson, 2000; Ambraseys, 2001 Ambraseys, , 2002 . Most of these characteristics are in agreement with the sedimentological description of event 6C, and we therefore feel confident to assign an age of 1509 A.D. to this event.
[51] Event 7B is the most recent event recorded in Hersek Lagoon sediments. It is radiocarbon dated at 1646-1955 A.D. and has no clear associated tsunami deposit, similarly to event 6D, which may be coeval (see above, Figure 3 ). Historical data indicate that four major earthquakes occurred within this time range (1719, 1754, 1766 and 1894) [Ambraseys, 2002] . The well-defined epicenter locations of these four events are all located within less than 50 km from Hersek [Ambraseys, 2002] . The major difference between these events is the absence of tsunami associated with the 1719 earthquake, likely due to the onshore location of most of the rupture zone [Altinok and Ersoy, 2000; Ambraseys and Jackson, 2000; Ambraseys, 2002] . It is also the earthquake with the highest estimated surface magnitude (Ms 7.4) [Ambraseys, 2002] . Since no clear tsunami deposit is associated with event 7B in the sedimentary record, we associate this event with the 1719 earthquake. The 1719 earthquake is known to have destroyed or badly damaged most of the towns located on the coasts of Izmit Bay from Yalova to Duzce, including Karamürsel [Ambraseys and Finkel, 1991] .
6. Discussion 6.1. Amount of Subsidence [52] Although no transfer function is available to quantify the amount of subsidence of each of the events recorded in Hersek Lagoon, the importance of the vertical deformations can be estimated using the thickness of the sedimentary sequences. This follows the findings of Atwater et al. [2001] , who demonstrated that the thickness of the sedimentary sequences related to the 1964 Alaska earthquake faithfully reflects the amount of vertical deformation, and that background sedimentation is negligible. The important thickness of the Hersek sequences (60-200 cm), compared to the postseismic Cascadia deposits (generally 50-100 cm) therefore indicates particularly high amounts of subsidence, representing vertical deformations of 60 cm (event 6B) to 200 cm (event 5A). Following this principle, we estimate that the vertical deformations associated to the 1509 and 1719 earthquakes are in the order of 120 cm, and that the 740 earthquake caused the 200 cm subsidence of the northernmost side of the lagoon. By contrast, the relative thinness of SEQ 6.2 (60 cm), which represents the 989 earthquake, may indicate a lower amount of coseismic subsidence. In addition, we believe that only major vertical deformations (>50 cm) are recorded in Hersek Lagoon since the accommodation space created by minor events is not important enough to be filled by sediment before disappearing via postseismic rebound. This would explain why the ∼20 cm coseismic subsidence that affected Hersek Lagoon after the 1999 Izmit earthquake was not recorded.
Late Holocene Activity of the NNAF in Izmit Bay
[53] Paleoseismological reconstructions around Izmit Bay, and in the Sea of Marmara region in general, are relatively rare. Our data indicate that 4 major earthquakes caused coseismic subsidence on Hersek Peninsula during the last 1500 years. The latest collapse of the northernmost side of Hersek Lagoon, i.e., the hanging wall, occurred during the 740 earthquake. The main lagoon (i.e., the footwall, south of the fault trace) subsided during the 989, 1509 and 1719 earthquakes (Figure 7 ).
[54] The collapse of the hanging wall in 740 A.D. is atypical for Hersek Peninsula. Indeed, the data of Özaksoy et al. [2010] suggest that Hersek hill, i.e., the hanging wall, was tectonically uplifted by the 1343-1344 and 1509 earthquakes, and by some of the seismic events dated at 1719 A.D., 1754 A.D. and 1894 A.D. (Figure 7 ). Their data also show that the ridge subsided at least once, between 1350 and 1500 A.D. Unfortunately, their record lacks data between 500 and 1000 A.D., because of erosion of the contemporary marine terraces. Interestingly, the single episode of subsidence recorded in Hersek core HK04LV5 corresponds to this period, which suggests that most of the hanging wall collapsed during the 740 earthquake, explaining the erosion of the marine deposits at the tip of Hersek Peninsula.
[55] The subsidence events of 989, 1509 and 1719 A.D. are more typical for the area, since they represent a downward movement of the footwall, which is expected for a reverse fault. Our data suggests that the coseismic subsidence of Hersek Lagoon during the 989 earthquake was accompanied by a tsunami. This observation is in good agreement with the results of Özaksoy et al. [2010] , who identified sand and shells deposits related to the 989 event on Hersek Peninsula. The marine records of McHugh et al. [2006] in Izmit Bay do not contain sediments deposited between ∼900 and ∼1450 A.D.
[56] According to our results, the 1509 earthquake was characterized by ∼1.2 m of subsidence and by a considerable amount of submergence. It also seems that the marine terraces of Hersek ridge (i.e., north of the fault trace) were uplifted by the 1509 earthquake, which means that both the hanging wall and the footwall moved during the earthquake. Further east in Izmit Bay, about 25 km from Hersek near Gölcük, Klinger et al. [2003] identified two buried colluvial wedges related to paleoscarps from the 1509 and 1719 earthquakes. In addition, McHugh et al. [2006] found sedimentary indications of mass-wasting events associated with the 1509 earthquakes on the western, submarine slope of Hersek Peninsula. Fossil-rich mass flow deposits most likely related to the 1509 earthquake were also described in a sediment core collected several km west of Hersek in the Sea of Marmara [Çagatay et al., 2003] . All these characteristics display the exceptional magnitude and extension of the rupture zone of the 1509 event.
[57] The most recent event recorded in Hersek sediment cores is the 1719 earthquake. The subsidence of Hersek Lagoon during this event was of the same order of magnitude than during the 1509 earthquake. Although Özaksoy et al. [2010] did not clearly identify the 1719 earthquake in the marine terraces of Hersek ridge, these authors indicate minor terrace uplift during one of the seismic events in 1719, 1754 or 1894 A.D. If the later occurred in 1719 A.D., this would suggest the co-occurrence of subsidence of the footwall and uplift of the hanging wall, as for the 1509 earthquake. At Gölcük, the second colluvial wedge related to paleoscarps was also linked to the 1719 earthquake [Klinger et al., 2003] . McHugh et al. [2006] do not describe any event deposit associated to the 1719 earthquake, but their record contains sedimentary indications of submarine mass-wasting events associated to the 1766 earthquake. This interpretation is however based on a complex core stratigraphy interpreted as mixing and reworking of one masswasting deposit by two distinct seismic events, and is therefore questionable. It is anyway not possible to differentiate the 1719 and 1766 based on radiocarbon data only.
[58] From these data, it appears that vertical deformation occurred simultaneously at Hersek and Gölcük during the 1509 and 1719 earthquakes, indicating that the fault rupture stepped across the Karamürsel basin during both events. Our results therefore confirm the observations made during recent high-resolution bathymetrical surveys , which demonstrate that the NNAF in Izmit Bay is more continuous than thought by former studies [e.g., Barka et al., 2002; Lettis et al., 2002] .
They also suggest that the amount of subsidence of Hersek Lagoon (south of the bend) is of the same order of magnitude than the amount of uplift of Hersek pressure ridge (3.5 m/kyr [Özaksoy et al., 2010] ).
Conclusions
[59] The sediments deposited in Hersek coastal lagoon were successfully used to reconstruct past subsidence associated with Hersek restraining bend. Although coastal sediments are well-known for recording coseismic subsidence in subduction zone areas, we demonstrate that they can also be used to reconstruct past earthquakes in transform plate boundary settings. In Hersek Lagoon, coseismic subsidence creates sedimentary sequences composed of a basal coarse (shells or sand/silt) tsunami layer, followed by a thick mud unit capped by an organic-rich horizon. These sequences resemble the coseismic peat-mud couplets of the Cascadia margin, and represent the vertical deformations that occur at Hersek restraining bend during major earthquakes. The Hersek paleoseismological record shows that coastal deformation is accommodated in 60-200 cm subsidence events during major earthquakes, which maintain the status of Hersek coastal lagoon and delay its final infill. Four events were recorded during the last 1000-1500 years. The ages of these events were estimated by comparing radiocarbon results to historical chronicles, which indicate (1) the atypical collapse of the hanging wall during the 740 earthquake and (2) subsidence of the footwall during the 987, 1509 and 1719 earthquakes. Our results also suggest the co-occurrence of subsidence of the footwall and uplift of the hanging wall during the 1509 and 1719 earthquakes, and they confirm that the step-over model of Barka et al. [2002] and Lettis et al. [2002] is not valid for the Karamürsel basin.
Germany) for providing access to the X-ray diffraction and GEOTEK multisensor core logging facilities, respectively. This paper has benefited from the detailed and constructive review provided by James Dolan. Comments from two anonymous reviewers led to additional improvements. During the writing of this article, S.B. was an EU Marie Curie postdoctoral fellow at AWI, Germany and a FWO postdoctoral fellow at UGent, Belgium.
